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ABSTRACT 

tpaief/qraglhite fiber# polyiaide/graphite fiber# and poly sulf one/ graphite 
fiber coaposites were exposed to 1*33 Mev ganaa irradiatitm and 0*5 Mev 
ebsctrtm boabardaent for varying period of tiae* The effects o£ the irrad- 
iation treataents aa the breaking stress and Young's aodulus were studied hy 
a three point bending test. Effects were saalli indeed# both electron 
radiati<» vp to 5000 Mrad and gaaaa radiation up to 350 Mrad resulted in 
sli^t Increases in both stress and aodulus. 
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iBtrodttctiop i 

GaraphltB flb«r r«in£orc«d co^iositM ax-* li#t .* hif^ Btrvngth 

■AtArlalB that ara particularly suitable for space vehicles. Since eoaM 

spMe ei^erlaents are scheduled over a period of several years* ciaterials 

• % 

used In ^tace ssiy be subjected to substantial quantities hl^ enerqjf 
radlatl<m. For this reason* It Is Isqiortant that eaterlals considered for 
use In these eiq»erlAents be evaluated with respect to their response to hl^ 
energy radiation. 

Several Mts of cosqposlte smples* fabricated at NASA Langley Research 
Center and supplied to us* have bem irradiated using 0.5 Nev electrons and 
1.33 Nev gsaea radiation. The effects of the Irradiation trea^ents on 
breaking stress and Young's nodulus were determined by a three point bending 
test. 

Most of the cosmic radiation in regions near the earth is due to protons 
[1]. However* significant numbers of both protons and electrons are trapped 
in the radiation belts around the earth (2*3] and the predcmilnant energy loss 
In matter of hi^ energy electrons found in geosynchronous orbit Is by 
Icmisation [3*4]. Similarly* 1.33 Nsv gamma radiation would Ims most of Its 
energy by icmlsatlon throu^ Ccmptxm scattering and the photoelectric effect 
[5] . Therefore* the eiqperlmental conditions of radiation exposure of smterl'- 
ala to be Investigated In this study should provide an excellent simulation 
of the actual effects of radiation on these materials when used in space 
applications. Moreover* it has been esti.'mted [6] that the radiation dose 
for geosynchronous orbit In a thirty year lifetime should be on the order of 
a thousand Nrad for the 0.056*'0.081 ere thickness of the samples we used in 
the experimental work reported here. This* coupled wlUi the olxiervatlon that 
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radiation affaots on Mild polyaara are toae rata independent to flret order 
[7]t ahottld indioate that the reeulta deacrlbed in thia paper for doaee up to 
SOOO Nri^ ehottld be applicable to the probleoi of eetlnatlng the radiation 
effect e <m apace vehiclee in geoaymdironous orbit. 

Ixperlawntal Procadurea : 

StudiM «iera auda oa aaaplae of cured graphite flber/epoxy coi^ioeite 
(T300/5208 Thomal gra^diita fiber/Hamco 5208 epoxy and AS/3501 graphite 
fiber/epoxy by Herculee)# graphite fiber/polyimide coiq^ite (C6000/PIUt’*15 
Celicm grai^te fiber/polyiaide aatrix), and graphite fiber/polyaulfone 
coapoeite (C6000/P1708 Oelion graphite fiber/polyeulfone aatrix). 1!he 
aai^>lea were cured and cut at NASA Langley Research Center* Samples of each 
type were aubjected for different periods of time to electron irradiation, 
and sasples of graphite fiber/epojq^ tiere gamma irradiated for different 
periods of time. 

Ihe ae^anical tests %iere made on an Instron using a "three point 
bending tester" attachment t6]* specimens, 1*27 by 2*54 cm and 0.056- 

0.071 cm thick, were tested at a constant rate of elongation, perpendicular 
to the plane of the cosppsites, at a speed of 0.254 cm/min (0.1 inch/min) and 
with a span length of 1.40 cm (0.55 ind^). nie specimens were 4 ply, uniaxi- 
ally oriented with the preferred axis aligned along the span direction during 
testing* The ultimate stress and average modulus at each ej^sure condition 
were detexmined by using the standard equations small bending deforma- 
tions of elastic bodies [8] . 

The sarqtles were treated in a vacuum desiccator at 80*C for 7 days, then 
sealed in aluminum foil (Reynolds Wrap, heavy duty, thickness of 0.025 mm) by 
first securing the ends of the samples in place with a thin layer of scotch 
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tape and sealing the edges of the folded aluminum wrap with an apoi^ glue 
(Oevotm 5 minute I^xy#)* An open glass tube was Inserted prior to sealing 
the foil to permit a vacuum line to be connected for further vacuum treat* 
ment* These packages were placed In a vacuise desiccator at 80*C for at least 

* e 

an additional 4 daysi then the glass tube was attached to a vacuw line and 
heat sealed* The packages then were taken immediately to the electron accel- 
erator and exposed to 0*5 Nev electrons at a current of 8.3 mllllaiqperes* 

Each package was placed In a siploc baggie by Dow Chmalcal (10” by 10”) that 
was prefilled with M 2 to reduce oxidative degradation In case of pin hole 
leaks, the packages clamped to the conveyor on the accelerator, and passed 
throu^ the electron beam* Each revolution of the conveyor through the beam 
resulted in a 10 Hrad dosage* Following the electron irradiation treatment 
In a 50 OKU Electron accelerator made by Voltage Engineering Corporation, 

the specimens were removed from the packages and placed In open petrl con- 
tainers in a controlled laboratory (r*h* 65%, teng>erature 20*C) %ihere they 
remained from 3 to 1? weeks prior to mechanical testing* Following each 400- 
500 Krad exposure, the siploc baggies were replaced and re flushed with N 2 * 
After 2500 Mrad, the Al foil in regions of high stress concentrations (sharp 
bends) showed evidence of degradation and the Devcon epoxy seal on the 
aluminum foil showed evidence of appreciable discoloration, so the specimen 
were vacuumed and repackaged in new Al foil as described above* 

Two sets of samples, T300/5208 and AS/3501, were e}q>osed to 1*33 Mev 
gamom radlatlcxi for periods up to 500 hours and 1070 hours respectively in a 
o*— Gall 220 made by Atonic Energy of Canada. These samples were vacuum 
desiccated at 80*C for a minimum of three days then placed in the vacuum 
diamber of the gamma cell (a 1/3 Mrad* per hour Oo^^ source), prevacuumed 
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tr«at«d for 24 hours snd sxpossd to gsaaa radiation undsr a continuous 
vsottun (approxiaatsly 5 x 10*^ ■ Hg. ). Ths sanplss# aftsr gamma siq>osurs, 
smrs tsstsd usiim ths sams proosdurss for squilibraticm and mschanical 
tasting as dsscribad abova* 
hssvlts and Discussion 

Iha thaoratioal pradiction of stopping powar of high enargy alactrons is 
gisan ar by Sagra [5] • 

Howavar# dua to a sacondnrj cc^ttaring, the affactiva irradiation dosage 
in a material will first increase and then is follcMred by a rapid monotonic 
decrease in radiation dosage [9] * Since the electron accelerator used in our 
experiments is designed to pass sasples across the beam twice during each 
revolution of the conveyor (once on the front side of the sample and once on 
the bade side), the approximate dosage experienced by the composite specimens 
as a function of penetration depth is as shown in Fig« 1* The density of the 
co^oslta is about 1*55 g/cm^. The effective thickness of the baggie and 
aluminum foil is approximately O.Oli cm* Thus, the effective radiation 
dosage in the canter of ths specimen is approximately 40% hi#ier than on the 
edge. 

The lead deformation curves of the three point bending tests %#ere 
appreneimataly linear in all cases and the deflections small so that equations 
for amall banding deformations give excellent approximations of ultimate 
stress and Young's s»dulus [8]* Effects of electrons and gamma radiation on 
these parMMters for the samples investigated are summarised in Figs. 2-5* 

A sdnimum of 10 replicatim swasureswnts were made for each exposure condi~ 
timt* All samples exposed to 5000 Mrad of 0.5 Mev electrons showed a sli^t 
increase in both stress and modulus compared with the control. In each case. 
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th« inctMMt tmr* •••entlally aonotmlc* Th« IncrvaMS at 5000 Mrad to tha 
omitrol war# 13%# 10%, and 11*5% in straaa and 11%, 12%, and 12% in aodulus 
for aaayplaa T300/5208, C6000/mRlS and C6000/P1700, raapactivaly* 

Rasulta ara shown for tha gaaaa Irradiatad sanplas in Figs. 4-5* At tha 

• a 

dosa lavals appliad in thase axperinants, no larga changas «fara obsarvad in 
aithar strass or aodulus* (lha Baxiain dlffaranca fr<» tha control for any 
of tlia traatsMnts was <10%)* 

To tast for significant diffaranca in tha strass or aoAalus as a func- 
ti<» of irradiation dosaga, analysis of varianca was dona using a statistical 
analysis i^stm (SAS) 110]* In a snpla sat tha data for two irradiation 
traataents wara coaparad at tha 5% confidanca lavals using tlM Duncan Multi-* 
pla ranga tast* In all casas, tha 5000 Nrad traataant was significantly 
diffarant fron tha control for both tha strass and tha modulus* Earliar %#ork 
has baan raportad by Parkinson and Slsaan [11] on tha af facts of radiation on 
•tha aachanical propartias of a nuMbar of plastics* Thair %«ork suggasts that 
polyaars containing aroaatic rings are hi^ly resistant to radiation and 
they attribute this to tha absorpticm and dissipation of energy, without 
bond disruption, of arostatlc rings* Using neutron and garaa radiation, they 
showed vary little change in tha aachanical propartias of cured diaaino- 
diphenyl aethane epoxy and polyialda polyaar at radiation dMagas > 10^ rads* 
Gaaaa irradiation axparlaants by Broun and O'Donnell [12] on aroaatic 
polysulfona show that no dalatarlous affects occur In vacuua to dosa lavals 
of 600 Mrads* However, degradation of flexural propartias did occur «fhen 
irradiation of samples was dona in air* 

Bullock raportad that fast-nautron irradiation of graphite fibers in air 
showed an increase in strength followed by a daeraasa (by as an^h as 25%) of 
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th« control t13]* How«v«r« irrndintion in « inert onvironmont ehowod only on 
ineroAM in tho strongth [14]. Jonoa and Pagga [15] ahow a oall incraaaa in 
both tha Btrangth and aodulua of gra^ata %dian irradiated with faat nautrmia 
at elevated twaparatura. In addition, they reported an incraaaa in tha 

a 

cryatallita dinension auggaating that tha elevated tasparatura induced 
recrystalliaation. 

Graphite fibar/apoxy cooqpoaitaa irradiated in air at 75*C with a coobi- 
natim of gaaaa, fast neutrons and tharaal neutrons showed a dacraasa in 
flexural strength and nodulus [16]. Whan samples ware irradiated in liquid 
N 2 # increases in tha strength and modulus ware observed «dMn tasted at 
liquid H 2 taaparatura while a dacraasa in thcMe parameters occurred «ihan 
irradiated at liquid tasg>aratura but tasted at room tagqwratura. 

The results reported here are consistent with earlier work on plastics, 
fibers and coaqx>sites. All the composites that we have etudied contain 
matrices whiA have an abundance of ring structures and none of the systems 
we studied showed any degradation in atress or modulus idien subjected to 
ionising radiation, under vacuum, to doee levele of 5 x 10^ race. The ring 
structures in the matrices and the fibers appear to protect the compoaite 
from radiation damage. 

Conclusion I 

Graphite fiber/epoxy, graphite fiber/polysulfone and graphite fiber/ 
polyimida ooiqxiaites 9how no dele ter loue atress or modulus effects by the 
ei^osure of 0.5 Mev electron radiation in vacutsi up to 5000 Mrad. At 5000 
Nrad the stress and modulus increased by approximately 12% compared with the 
controls. Chraphite fiber/epoxy composites show little change in stress and 
modulus when eiq)Osed to several hundred Mrad of gamma radiation. Therefore, 
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th« rasUlti reported here Indicate that 9 raphite fiber coaposites t«ould have 
a conaiderable lifetiae in space (pr^ably > 30 yeare) before etren 9 th and 
atiffneea properties would be affected eifaificantly by hi^ energy radia> 
tion. 
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Radiation Effects on the Mechanical Properties of 
Graphite Fiber Reinforced Composites . ★ R. E, FORNES, 
J. D. MEMORY, N. NARANONG, K. WOLF, and W, C. 
STUCKEY, N. C. State U. *♦ --The effects of 1. 33 Mev 
gamma and 0. 5 Mev electron radiation on the ultimate 
stress and modulus of graphite fiber reinforced 
composite systems have been investigated. The fibers 
were uniaxial oriented in either an epoxy or polyimide 
matrix, fabricated into thin sheets, cured and 
irradiated under vacuum. The irradiation dosages 
ranged up to 800 Mrad for the electron irradiated 
samples and 300 Mrad for the gamma irradiated 
samples. The composites were tested using a three- 
point bending tester on an Instron. The tensile stress 
and modulus results indicated that no detrimental 
effects on the mechanical properties of the irradiated 
samples were observed. Both the stress and modulus 
tend to increase with maximum values of these para- 
meters occurring around 200 Mrad. 

4‘Submitted by R. E. Fornes. 

♦♦Supported by NASA Grant NSG-1 562. 
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Electron Spin Resonance Studies of Epoxy Samples 
Exposed to 1/2 Mev Electrons .* K. SCHAFFER, R. D, 
GILBERT, J. D. MEMORY, and R. E. FORNES, N. C. 
State U. -‘Samples of cured epoxy resin (MY 720/DDS 
Ciba Geigy) have been irradiated at room temperature 
with 1/2 Mev electrons to dose levels up to 5 x 10^ rads. 
These samples were stored at cryogenic temperatures 
following exposure until measurements were made on an 
x-band ESR spectrometer. Under the conditions of meas- 
urements, radical concentrations leveled off around 10^^ 
radicals /cm’’. Before irradiation, cured samples showed 
the presence of radicals with concentrations ranging from 
10i7 . 10^8 radicals/ cm The spectra of both cured and 

irradiated resins are asymmetric. Details of the results 
will be given. Estimates of radical decay rates will also 
be presented as well as ESR measurements at 77°K. 
^Supported by NASA Grant NSG 1562. 
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Effects of Ionizing Radiation on the Mechanical 
and Morphological Properties of Graphite Fiber Re - 
inforced Composites . ♦ N. NARANONG, K. WOLF. 

J. D. MEMORY, R. D. GILBERT, and R. E. 
FORNES, N. C. State U. — Several types of uniaxial 
composite samples have been irradiated with 1/2 Mev 
electrons to dose levels up to 5 x 10^ rads. Strength 
and modulus results, based on three point bending 
tests, show that these materials withstand Uiese 
levels of radiation with no deleterious effects. There 
is a small, approximately monotonic, increase in 
both ultimate stress and modulus over this range of 
radiation. In addition, ruptured samples have been 
investigated using scanning electron microscopy 
(SEM). These results show very little morphologi- 
cal differences between control and irradiated 
samples. Details of the mechanical tests and the 
SEM investigations will be reported. 

■(‘Supported by NASA Grant NSG 1562. 
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